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Abstract 

Understanding the process tissue regeneration governed by adult stem cells is crucial to realize the 

promise of regenerative medicine.  The hair follicle is a useful model system by which to observe the 

regeneration of a key epidermal organ in the skin, as the cycling growth of the hair follicle allows us to 

study epidermal stem cell quiescence, activation and differentiation in a short period of time.  Given the 

importance of the transcription factor p63 in epidermal development, we hypothesized that p63 is 

critical for the maintenance of adult regenerating epithelium.  Here, I show that epithelial p63 

conditional knockout mice exhibit a defect in the telogen-to-anagen (T/A) transition.  In vivo gene 

expression profiling, bioinformatics, in vitro gene expression and chromatin immunoprecipitation 

analyses unveil Lrp4 as a direct p63 target gene.  I find that in the regenerating hair follicle, Lrp4 is a 

robust marker of the T/A transition, and I provide evidence that p63 promotes the T/A transition 

through regulation of Lrp4.  The remarkably similar phenotype of epithelial Runx1 conditional knockout 

mice and data from our lab indicating that p63 and RUNX1 interact prompted me to examine whether 

Lrp4 transcription is mediated by these two transcription factors.  I find that p63 and RUNX1 must be 

present at a putative LRP4 DNA regulatory sequence in order to activate LRP4 expression, and in 

particular, that p63 recruits RUNX1 to this locus in order to activate the expression of LRP4 in vitro.  I 

propose a model in which p63 regulates the T/A transition in a sequential fashion, initially recruiting 

Runx1 to activate the expression of Lrp4 and then indirectly regulating the downregulation of Lrp4 

during the T/A transition.  Understanding the transcriptional regulation of Lrp4 by p63 and Runx1 should 

help elucidate how Wnt signaling is temporally and spatially tuned by adult stem cells to mediate the 

proper regeneration of hair follicles and other epithelial tissues and organs.   
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Introduction 
 

Regeneration: an overview 

Understanding the process by which adult stem cells balance dormancy with proliferation and 

differentiation is crucial to realizing the promise of organ regeneration and tissue repair as treatments 

for aging, injury or disease.  Some organs and tissues, such as the intestines, blood, and skin constantly 

require multipotent stem cells to fuel frequent regeneration, whereas other organs such as the brain 

and inner ear consist of cells that are largely post-mitotic with highly limited or even no regenerative 

capabilities.  Often in the tissue repair process, multipotent stem cells are recruited to repopulate bone 

marrow, regenerate liver tissue following cirrhosis or an acutely toxic event, or promote wound healing 

following epidermal injury.  Because of the scarcity of available organs for transplants and the many life-

threatening illnesses associated with the dysfunction of key organs and tissues, excitement over the 

future of regenerative medicine peaked following Takahashi and Yamanaka’s report of reprogramming 

adult fibroblasts into induced pluripotent stem cells (the so-called iPS cells) using viral-mediated gene 

expression of Nanog, Sox2, Klf4, and c-Myc (Takahashi and Yamanaka, 2006).  More recently, Zhou and 

colleagues demonstrated the feasibility of bypassing pluripotency altogether, directly differentiating 

adult pancreatic exocrine cells into pancreatic β-islet cells in vivo (Zhou et al., 2008). 

The concept of reprogramming of easily accessible cells, such as human fibroblasts, into 

medically important tissues of interest has gained further momentum in recent years, as direct 

differentiation of adult stem cells by sets of transcription factors have been shown to reprogram, for 

example, fibroblasts into neurons or cardiomyocytes  (Ieda et al., 2010; Vierbuchen et al., 2010).  These 

proof-of-principle studies raise the possibility of using a patient’s own fibroblast-derived iPS cells to 

regenerate her diseased or damaged tissue, although such strategies remain technically challenging and 

largely limited to animal studies today.  In fact, the world’s first human clinical research trial using iPS 

cells is just now seeking approval from the Japanese government.  Instead, strategies that promote 
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latent, multipotent adult stem cell-led organ regeneration and tissue repair may be a more elegant 

approach to regenerative medicine.  These approaches circumvent surgical procedures needed to locate 

transplanted stem cells into the correct anatomical location, avoid immune reactions to transplanted 

tissue, and limit off-target effects of viral-mediated gene therapy.  Such strategies would take advantage 

of the body’s natural yet oftentimes latent regenerative capabilities to preserve both the form and 

function of the organ or tissue.   

Transcription factors regulate regeneration 

The processes of organ regeneration and tissue repair are driven by proteins directly involved in 

cell cycle and cell differentiation.  Therefore, proper transcriptional regulation of the genes encoding 

these proteins is essential for proper regeneration.  Gene transcription is mediated by RNA polymerase 

II (RNAPII) in combination with two types of transcription factors: (1) general transcription factors that 

bind RNAPII at sequence-specific sites of all transcribed genes and (2) specific transcription factors (e.g. 

p63, Klf4, c-Myc) that bind to sequence-specific sites of individual genes and promote the regulation of 

that gene.  In the second case, there are instances of single “master regulators” capable of specifying 

cell types.  For example, over-expression of the transcription factor MyoD is sufficient to reprogram 

mouse fibroblasts into muscle cells, and over-expression of the transcription factor Pax6 results in the 

ectopic manifestation of an eye in Xenopus and Drosophila (Chow et al., 1999; Davis et al., 1987). 

However, such cases are rare; multiple transcription factors are typically required for the type of 

reprogramming necessary for regeneration of tissues and organs in humans.  For instance, human liver 

regeneration is mediated by a host of four transcription factors NFκB, STAT3, AP-1 and C/EBPβ, and in 

adult mouse pancreas, exocrine cells can be reprogrammed into β-islet cells using three transcription 

factors:  Ngn3, Pdx1, and Mafa (Michalopoulos, 2007; Zhou et al., 2008).   

While germline/constitutive gene knockout studies have been useful in understanding how 

transcription factors promote morphogenesis and organogenesis, oftentimes the ensuing embryonic 
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lethality precludes the study of how these transcription factors regulate tissue homeostasis and repair in 

the adult organism.  For example, since the transcription factor Runx1 is essential for hematopoiesis, the 

ensuing embryonic lethality precluded for a long time efforts to understand its role in maturation of 

lymphocytes and megakaryocytes (Dzierzak and Speck, 2008).  By elucidating the mechanisms by which 

transcription factors mediate adult tissue homeostasis, we can manipulate these processes to achieve 

the promise of regenerative medicine.   

The hair follicle as a model of organ regeneration 

The hair follicle is a useful model system by which to observe the regeneration of a key 

epidermal organ in the skin, as the cycling growth of the hair follicle (hair growth cycle) allows us to 

study epidermal stem cell quiescence, activation and differentiation in a short period of time (Fig. 1).  

Hair follicles are ectodermal appendages formed via reciprocal interactions between the ectoderm and 

underlying dermis.  Each follicle consists of epithelial cells that surround a small cluster of mesenchymal 

cells, the dermal papilla (DP) located at the base.  Hair follicles progress through cyclic rounds of growth 

(anagen), regression (catagen) and quiescence (telogen) (Muller-Rover et al., 2001).  This process begins 

with signals from the DP (such as Tgfβ) that lead to the activation of the hair germ (HG), a small cluster 

of bulge stem cell-derived epithelial cells located below the bulge and directly adjacent to the DP in the 

telogen follicle (Greco et al., 2009). Although the mechanism is still poorly understood, HG proliferation 

precedes the activation of bulge stem cells, which then migrate to the base of the growing hair follicle, 

divide into transit-amplifying matrix cells, and proliferate before differentiating into the hair shaft (the 

anagen phase).  Following apoptosis of the lower two-thirds of the hair follicle (catagen), the hair follicle 

enters telogen, remaining dormant until activation again by the DP.  Using the telogen-to-anagen (T/A) 

transition as a model of stem cell quiescence and activation, we can use the Cre-LoxP genetic deletion 

strategy in a conditional knockout mouse model to study whether certain transcription factors  are 

necessary for hair follicle regeneration. 
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Figure 1: The hair follicle growth cycle 

The adult hair cycle is characterized by cyclic rounds of growth (anagen), regression (catagen), and quiescence 

(telogen).  Quiescent stem cells reside in the bulge (Bu), a region of the hair follicle located beneath the sebaceous 

gland. Hair germ (HG) cells are shorter-lived, proliferative progenitor cells and are located adjacent to the dermal 

papilla (DP).  Tgfβ2 secreted from the DP and Wnts secreted from the hair follicle stem cells of the HG and Bu 

mediate the transition from telogen-to-anagen, while dermal BMP signaling opposes the T/A transition.  (Adapted 

with slight modifications from Li and Clevers, Science, 2010) 

 

P63 as a master transcriptional regulator of epithelial development and regeneration 

An essential regulator of epithelial development is the p53 family transcription factor, p63.  The 

germline/constitutive p63 knockout mouse exhibits major defects in epithelial development and 

embryonic lethality, including complete failure to develop stratified epithelia and hair follicles (Mills et 

al., 1999; Yang et al., 1999).  Our laboratory and others have demonstrated various functions of p63 in 
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promoting epithelial stem cell self-renewal (Senoo et al., 2007; Yang et al., 1999) suppressing cellular 

senescence (Keyes et al., 2005), transcriptionally regulating cellular adhesion (Carroll et al., 2006), and 

contributing to epithelial stratification during epithelial morphogenesis and mature epithelial 

homeostasis (Koster et al., 2004; Truong et al., 2006).  p63 is expressed as six distinct isoforms 

transcribed from two distinct promoters and involving alternative splicing at the 3’ end (Fig. 2).  The two 

major isoform classes are TAp63 and ΔNp63, with the latter lacking the N-terminal transactivation 

domain. 

 

Figure 2: The transcription factor p63 is expressed as six different isoforms 

Isoforms depicted here are the full-length isoform, TAp63, and the shorter ΔNp63.  ΔNp63α can both activate and 

repress target genes, and is the major isoform expressed in epithelial skin tissue.  TAD: transactivation domain; 

DBD: DNA binding domain; OD: oligomerization domain; QP: many glutamines and pralines which form a helix and 

interacts with OD; SAM: sterile alpha motif; TID: transactivation inhibitory domain. 

 

Specifically, ΔNp63α can both activate and repress target genes (Carroll et al., 2006; Ellisen et al., 

2002; Westfall et al., 2003) and is the major p63 isoform expressed in epithelial skin tissue (Truong et al., 

2006).  In human epidermal keratinocytes, p63 regulates proliferation by directly repressing the 

transcription of the cell cycle inhibitor p21Cip1 whereas in breast epithelial cells, p63 directly activates 

genes promoting cellular adhesion (Carroll et al., 2006; Westfall et al., 2003).  Furthermore, p63 also 

represses Notch-dependent transcription, resulting in inhibition of Notch-dependent keratinocyte 

differentiation and promotion of epidermal stem cell self-renewal (Nguyen et al., 2006; Okuyama et al., 

2007; Sasaki et al., 2002).  While p63-mediated regulation of proliferation and differentiation has been 
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described in vitro and in germline knockout studies, little is known about p63 function in postnatal 

regenerating epithelium.    

Generation of p63 conditional knockout mice 

Since the function of p63 in postnatal regenerating epithelium is difficult to discern due to the 

early lethality of germline p63 knockout mice, a former postdoctoral fellow (Dr. Catherine Wilson) in the 

lab crossed conditional p63 knockout mice (p63flox/flox) with mice expressing a tamoxifen-inducible 

Keratin14-CreER transgene to excise p63 only in K14-positive cells (Fig. 3a) (Keyes et al., 2005; 

Vasioukhin et al., 1999).  Keratin-14 is a protein that comprises the cytoskeleton of epithelial cells, and is 

expressed in the outer root sheath (epithelium lining the hair follicle) and basal epidermal cells.  Excision 

was determined by sequence-specific PCR to detect the Brdm3 recombined product (Fig. 3a).  Control 

mice (p63flox/flox; hereafter: WT) and (p63flox/flox;K14-CreER; hereafter: cKO) were treated with tamoxifen 

for five days, and epidermal cells were collected twenty-one days later to assess the excision of p63 on 

genomic DNA (Fig. 3a).  qRT-PCR analysis showed p63 excision at the DNA and RNA level as well as 

downregulation of p63 target genes Itga6 (encoding -6 Integrin) and Lamc2, (encoding LaminC2) (Fig. 

3b).  In a parallel experiment, Dr. Wilson treated WT and cKO mice with tamoxifen for five days in early 

telogen (age P45-P49), allowed the mice to rest for five days, and then shaved the back skin (Fig. 3c).  

She found that WT mice recovered a full coat of back hair by thirty-nine days post shave (P93), but cKO 

mice did not (Fig. 3d). Thus, epidermal p63 excision in vivo appears to result in a defective hair regrowth 

phenotype.  I proceeded to better characterize the phenotype.   
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Figure 3.  Excision of endogenous p63 in vivo. (a) Schematic of creation of conditional p63 knockout 

mouse (cKO) including recombination product and its detection (left).  Representative example of 

detection of recombined product by PCR (right).  (b) qRT-PCR analysis demonstrating p63 

downregulation at the DNA and RNA level as well as downregulation of p63 target genes Itga6 and 

Lamc2. (c) Schematic of hair cycle and excision of endogenous p63 in vivo.  (d) Following p63 excision by 

tamoxifen a hair regrowth phenotype was observed.  (Fig. 3 data generated by Dr. Catherine Wilson)  
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Results 

Loss of p63 in vivo results in a defect in the telogen-to-anagen transition 

 First, in order to better characterize the phenotype in cKO mice, I referred to Dr. Wilson’s 

shaving experiment scheme (Fig. 3c).  I analyzed formalin-fixed paraffin-embedded hematoxylin and 

eosin (H&E)-stained skin sections corresponding to the various time points post shave, and found that 

WT hair follicles progressed normally from telogen (P54) to anagen (P86) (Fig. 4a).  I found 72% of WT 

hair follicles at P75 to be in early anagen, a phase in which the DP and surrounding HG cells resemble a 

small, flame-like structure representing the hair follicle matrix  (Fig. 4a,b).  However, p63 cKO hair 

follicles appeared to still be in telogen at P75 and P86, evidenced by the presence of the DP unenclosed 

by HG cells (Fig. 4a).  While all hair follicles in the WT were in the anagen phase by P86, at P75 and P86 

100% and 75% of hair follicles were in the telogen stage, respectively (Fig. 4b).  In fact, anagen follicles 

were not observed in the cKO until P93, almost fourteen days after WT hair follicles had entered the 

early anagen phase (data not shown).   

Yet, it was still unclear whether the H&E staining results suggest a prolonged telogen phenotype 

or a defect in early anagen, as the difference between these two phases is difficult to discern through 

simple H&E staining.  Since several publications demonstrate a prolonged telogen phenotype (e.g. 

epithelial Tfgbr2 cKO or epithelial Runx1 cKO) or an early anagen defect (Fgf signaling can activate 

proliferation of HG but is not sufficient to drive further anagen), I focused on characterizing this 

distinction (Greco et al., 2009; Hoi et al., 2010; Oshimori and Fuchs, 2012).  The proliferation of the HG 

cells abutting the DP is a reliable indicator of the T/A transition, as depicted in the schematic of T/A 

transition (Fig. 4c) (Blanpain et al., 2004; Greco et al., 2009; Tumbar et al., 2004).  Therefore, I next 

analyzed skin sections stained for Ki67, a cellular marker for proliferation, determining the number and 

location of Ki67+ cells in WT and cKO skin samples (Scholzen and Gerdes, 2000).  In WT mice, P73 is still 

the telogen phase, since there are no Ki67+ HG cells in the hair follicle, while hair follicles at P75 are in 
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the T/A transition (Ki67+ cells in the HG) and hair follicles at P86 are in anagen (Fig. 4d).  However, cKO 

HG did not exhibit Ki67 staining in either P75 or P86 (Fig. 4d), indicating a T/A transition defect.  To 

quantify these results, I counted the number of hair follicles in each skin section (WT and cKO) at P75 

and P86, and classified the number of hair follicles that are in telogen, T/A transition, or anagen phase, 

based on the location and presence of Ki67+ staining.  Approximately 80% of WT hair follicles at P75 

were in the T/A transition, and 90% of WT hair follicles were in anagen phase by P86 (Fig. 4e).  However, 

more than 80% of cKO hair follicle remained in the telogen phase both at ages P75 and P86.  The data 

show that p63 cKO mice exhibit a T/A transition defect, and suggest that p63 is essential for the T/A 

transition.  I next asked how p63-mediated transcription controls this critical transition.   
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Figure 4.  Loss of p63 in vivo results in a T/A transition defect.  Homozygous p63flox mice with or 

without expression of the K14-Cre/ER transgene (K14creER) were treated with tamoxifen for 5 days, 

shaved 5 days later, and sacrificed at various time points post shave for collection of back skin (Dr. 

Catherine Wilson).  (a) Histology of skin (H&E), (b) quantification of hair follicles in telogen and anagen 

at ages P75 and P86. (c) Diagram of the T/A transition depicting various hair follicle cell types and their 

behaviors (adapted from Lee and Tumbar, Sem. in Cell & Dev. Bio, 2012). (d) Ki67 staining by 

immunohistochemistry of skin at ages P73, P75, and P86 of WT and cKO mice and (e) quantification of 

hair follicles in telogen, T/A transition, and anagen at P75 and P86.  Arrows without labels refer to 

telogen follicles.   

 

Bioinformatics analysis of WT and cKO epidermal cells  

 

Adult WT and cKO mice of 6.1 weeks of age were treated with tamoxifen for five days from P43 

to P47 (early telogen), resulting in p63 excision in the cKO skin.  Epidermal cells were then collected 

from three WT and three p63 cKO mice in late telogen (P67) for cDNA gene expression profiling using 

the Illumina® Mouse WG-6-v2.0 platform (Fig. 5a).  Based on the observed phenotype, I hypothesized 

that compromising p63 expression during telogen alters a p63-mediated transcriptional program 

necessary for the T/A transition.  I focused on genes in the cDNA microarray that are most significantly 

deregulated following p63 excision, and used a cutoff that allowed me to further analyze approximately 

3,000 of the most significantly deregulated genes.  As a control, I compared these deregulated genes to 

deregulated genes from another independent microarray of p63 knockdown in epithelial cells.  

Furthermore, in order to focus on direct transcriptional target genes of p63, I also analyzed an existing 

p63 ChIP-Seq (chromatin immunoprecipitation/next generation sequencing) data set in epithelial cells.  

Specifically, I juxtaposed our p63 cKO microarray (the set of 3289 genes) to a published cDNA microarray 

of primary mouse keratinocytes in which p63 has been downregulated by p63-specific small interfering 

RNA oligonucleotides (siRNA) and to a published ChIP-Seq analysis of putative p63-bound genes in 

human foreskin keratinocytes (HFK) (Della Gatta et al., 2008; McDade et al., 2012) (Fig 5b).  This analysis 

supports the validity of our gene expression profiling results, as cell adhesion, a known direct p63-

regulated program, was the top-ranked (most-significant) group in the functional annotation of genes 
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present in the overlap of these three data sets (17 genes out of 115; p=5.8E-5, hypergeometric analysis, 

DAVID Bioinformatics Resource) (Carroll et al., 2006) (Fig. 5c).   

I next hypothesized that the set of 482 genes, consisting of p63-direct target genes deregulated 

in our cDNA microarray and excluding those genes deregulated in the mouse keratinocyte, might reveal 

direct p63-regulated target genes particularly relevant for the T/A transition.  I analyzed this set using 

the DAVID bioinformatics tool, an online resource that provides functional interpretation of large lists of 

genes (Huang da et al., 2009a, b).  The most significant hit was “pathways in cancer”, which included 

genes deregulated in many pathways: MAPK, FGF, TGFB, WNT, focal adhesion, cytokine-cytokine 

receptor interaction, cell cycle, and others (Fig. 5d).  This was interesting, given that several of these 

pathways, notably Tgfβ, Bmp, and Wnt signaling are known to be critical for the T/A transition (Greco et 

al., 2009; Oshimori and Fuchs, 2012; Rompolas et al., 2012).  However, none of these pathways have 

been shown to be directly regulated by p63 in hair follicle regeneration. Therefore, I hypothesized that 

direct p63-mediated regulation of genes in the Tgfβ, Bmp and/or Wnt pathway could explain how p63 

controls the T/A transition.    

Establishment of HaCaT cells as a useful in vitro model to study p63-mediated gene regulation 

The most straightforward approach to confirm the gene expression changes of these putative 

p63-regulated genes would be to confirm the changes in cDNA of WT and cKO mouse skin samples in 

late telogen.  However, due to the limited in vivo material procured from WT and p63 cKO skin, (as well 

as the heterogeneous population of epithelial cells comprising the hair follicle and interfollicular 

epidermis),  I instead established the immortalized human keratinocyte cell line (HaCaT) as an in vitro 

model to validate whether genes in the aforementioned pathways are regulated by p63.  HaCaT cells are 

spontaneously transformed keratinocytes from long-term primary culture of histologically normal 

human skin (Boukamp et al., 1988).  This cell line is an ideal model for understanding how p63 regulates 

epithelial homeostasis.  HaCaT express high levels of p63, are capable of long-term culture without loss 
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of differentiation potential (self-renewal), yet are competent to undergo differentiation upon chemical 

treatment with CaCl2 (Yuspa et al., 1989).  Using a lentiviral transduction system to express a p63 shRNA 

hairpin directed at p63 mRNA, I downregulated p63 and subsequently conducted quantitative real-time 

reverse transcription polymerase chain reaction (qRT-PCR) to determine whether p63 regulates the 

genes deregulated in the cDNA microarray (Fig. 5e).  I hypothesized that genes whose expression 

changes following p63 knockdown in vitro would be prime candidates as p63 regulated genes in vivo. 

FGFR2 signaling serves as a positive control for p63-mediated transcriptional regulation in the HaCaT 

cell model 

 

To establish HaCaT as a model to study p63-dependent transcriptional regulation, I explored p63 

regulation of FGFR2.  Ferone and colleagues demonstrated that Fgfr2IIIb is a direct p63 target gene, 

(Ferone et al., 2012).   Fgfr2IIIb KO mice seem to phenocopy p63 KO mice, exhibiting craniofacial defects, 

failure of limb bund initiation, impaired epidermal proliferation, and perinatal death due to impaired 

lung development (De Moerlooze et al., 2000).  Thus I examined FGFR2 levels as a positive control, and 

found that FGFR2 expression is significantly decreased upon p63 knockdown, consistent with a defined 

function of p63 as a direct transcriptional activator of Fgfr2 expression (Fig. 5f).  Published research does 

not suggest a crucial role for Fgfr2 in the hair cycle, as the only hair follicle phenotype of 5-week (~P35) 

old K5Cre;Fgfr2IIIb mice is the manifestation of “sleek and silky” fur (Grose et al., 2007).  Therefore, I 

concluded that p63-mediated regulation of Fgf signaling is not likely a crucial mediator of hair follicle 

regeneration.   Nevertheless, given the robust regulation of FGFR2 by p63 in HaCaT, I gained more 

confidence that HaCaT can serve as a viable model to assess p63-mediated transcriptional regulation of 

genes poentially involved in the T/A transition.   

TGFβ/BMP signaling does not explain the phenotype in p63 cKO mice 

I next assessed whether p63-mediated regulation of the Tgfβ pathway could explain the cKO 

phenotype.  TGFβR2;K14-Cre mice exhibit normal hair follicle morphogenesis, but upon entering the first 
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adult hair cycle at P22, undergo an approximate four-week arrest in telogen(Oshimori and Fuchs, 2012).  

Tgfβ2, a ligand secreted by the DP in late telogen, binds to Tgfβr2 expressed on the membrane of 

adjacent HG cells and activates Tgfβ signaling, resulting in direct transcriptional activation (via Smad2) of 

Tmeff1, a Bmp antagonist (Oshimori and Fuchs, 2012).  Plikus and colleagues demonstrate that 

decreased Bmp signaling is critical for the T/A transition, dividing telogen into refractory (high Bmp 

signaling), and competent (low BMP signaling) telogen (Plikus et al., 2008).  Since p63 was excised in 

early, refractory telogen, I reasoned that there are two possibilities for the prolonged telogen 

phenotype:  cKO mice could either be in a prolonged refractory telogen at P67 or in competent telogen, 

with a more acute defect in the T/A transition.  I sought to distinguish these two possibilities by 

determining whether there were differences in the expression of Bmp antagonists in late telogen 

between the WT and cKO mice in late telogen.  The p63 gene expression profiling results showed that 

Tmeff1, Bambi, and Bmper expression levels were largely unchanged, suggesting that cKO telogen 

follicles are in the same physiological time point (competent telogen) as WT follicles. Therefore, I 

concluded that the prolonged telogen phenotype is likely due to an acute T/A defect, rather than a 

prolonged refractory telogen caused by the downregulation of Bmp signaling antagonists.  I next 

hypothesized that p63 could regulate Tgfbr2 expression, as downregulation of this receptor following 

p63 excision would result in increased Bmp signaling and explain the prolonged telogen phenotype 

observed.  Interestingly, upon p63 downregulation in HaCaT, TGFβR2 mRNA levels are unchanged (Fig. 

5g).  It has been reported that the key effector downstream of Tgfbr2 that mediates the decrease in 

BMP signaling necessary for the T/A transition is the BMP antagonist Tmeff1.   I hypothesized that if 

TGFβR2  levels are unregulated by p63, then its effector would also be unregulated.  I found that 

following p63 downregulation in HaCaT, TMEFF1 mRNA levels are also unchanged (Fig. 5h).  Thus, the 

cDNA microarray and HaCaT results are consistent with conclusion that TGFβ or BMP signaling does not 

explain the prolonged telogen phenotype in p63 cKO mice. 
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Figure 5.  In silico and in vitro analyses suggest Tfgβ/Bmp signaling does not explain the T/A transition 

defect in p63 cKO mice. (a) Schematic of hair follicle cycle and excision of endogenous p63 in vivo.   

Following tamoxifen treatment, epidermal cells were collected 21 days later for microarray analysis (Dr. 

Catherine Wilson). (b) Deregulated genes in the p63 cKO microarray (the set of 3289 genes) were 

juxtaposed to a published cDNA microarray of primary mouse keratinocytes in which p63 has been 

downregulated by p63-specific small interfering RNA oligonucleotides (siRNA) and to a published ChIP-

Seq analysis of putative p63-bound genes in human foreskin keratinocytes. (c) Functional annotation of 

the 115-gene overlap supports the validity of the p63 cKO microarray results. (d) KEGG pathway analysis 

of the 482-gene set (DAVID Bioinformatics Resource). (e) qRT-PCR p63 knockdown in HaCaT (left) and 

western blot for p63 protein in HaCaT (right). Β tubulin serves as a loading control (f) qRT-PCR analyses 

of FGFR2 (a positive control), (g) TGFBR2 and (f) TMEFF1 following p63 downregulation.  Error bars are 

+SEM from three independent experiments.  ***p<.0001, unpaired t-test.  P-values in the two tables are 

hypergeometric statistical analysis, DAVID Bioinformatics Resource.   

 

Wnt Signaling 

Wnt signaling has been known to be crucial for the T/A transition, as β-catenin stabilization in 

the DP, HG, and bulge is critical for HG proliferation, bulge expansion and hair follicle down-growth 

(Enshell-Seijffers et al., 2010; Huelsken et al., 2001; Lowry et al., 2005).  Wntless conditional knockout 

mice (Wlsflox/flox;Keratin15Cre), which exhibit defects in Wnt ligand secretion from the Bu and HG, also 

exhibit a prolonged telogen phenotype (Myung et al., 2013).  However, regulation of the Wnt pathway 

by p63 is still poorly understood.  Many Wnt ligands and downstream effectors in the Wnt signaling 

pathway appeared in the 482 subset of genes described previously.  To narrow in on direct p63-

regulated genes in the Wnt pathway that are relevant in explaining the T/A transition defect, I searched 

for published data sets of genes that are specifically expressed or dynamically expressed in telogen.  I 

came across an experiment conducted by Geyfman and colleagues that assessed which genes in mouse 

skin are “dynamic” in telogen – defined as genes that changed in expression from early to mid, mid to 

late, or early to late telogen by at least 1.25 fold (Geyfman et al., 2012).  Given that Tgfb2 and Fgf7 are 

dynamically expressed across telogen, peaking in expression in late telogen, I hypothesized that 

identifying p63-regulated genes that are dynamically expressed may uncover a mechanism by which p63 

regulates the T/A transition.  After juxtaposing the “dynamic-in-telogen” data set with our p63 cKO 
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microarray and the p63 ChIP-Seq in HFK, only 12 genes appeared in the overlap (Fig. 6a).  Interestingly, 

two of those genes are known to be involved in Wnt signaling: Low-density lipoprotein receptor 4 (Lrp4) 

and Wingless-type MMTV integration site family, member 10A (Wnt10a) (Fig. 6a).  After extensive 

literature review of both genes in the context of epithelial homeostasis and the hair follicle, I decided to 

focus on the hypothesis that p63 is a key transcriptional regulator of Lrp4.     

P63 is a direct transcriptional activator of LRP4 in HaCaT  

Lrp4 has a similar extracellular domain as Lrp5/6, but a distinct intracellular domain, suggesting 

a unique downstream function upon Wnt ligand binding to Lrp5/6/Frizzled (Herz and Bock, 2002; 

Weatherbee et al., 2006).  Functionally, LRP4 has been shown to repress Wnt signaling in vitro, as over-

expression of LRP4 in HEK-293 cells inhibited WNT1-induced Wnt signaling (Johnson et al., 2005).  

Furthermore, defects in limb and mammary patterning of Lrp4 mutant mice were ameliorated by 

reduction in the dose of Wnt co-receptors Lrp5 and Lrp6, suggesting that these defects were caused by 

elevated Wnt signaling due to loss-of-function of Lrp4 and supporting the idea that Lrp4 inhibits Wnt 

signaling in vivo (Ahn et al., 2013).  Ahn and colleagues also found that loss of Lrp4 results in a delay in 

hair follicle morphogenesis.  The authors propose that Lrp4 could be important for aggregation of 

precursor cells prior to placode assembly and associated Wnt signaling, which is important in the 

formation of mammary placodes, hair placodes, and the apical ectodermal ridge (AER) (Fernandez-Teran 

and Ros, 2008; Mikkola and Millar, 2006).   

Mice with mutations in Lrp4 exhibit defects in limb (polysyndactyly), mammary, teeth, hair and 

craniofacial development (Johnson et al., 2005).  Interestingly p63 mutations cause similar phenotypes 

(Mills et al., 1999; Yang et al., 1999).  Furthermore, both genes share similar expression patterns in mice, 

as Lrp4 and p63 are expressed in the AER, mammary placodes, and hair placodes during epithelial 

development (Ahn et al., 2013; Mills et al., 1999; Yang et al., 1999).   
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I next determined whether p63 regulates Lrp4 in HaCaT.  Interestingly, I found that Lrp4 

expression is consistently downregulated following p63 knockdown, suggesting that in HaCaT p63 

regulates the expression of LRP4 (Fig. 6b).  To determine whether p63 directly regulates Lrp4, I next 

performed chromatin immunoprecipitation (ChIP) experiments.  I performed ChIP using p63 antibodies 

in HaCaT, then designed primers to test for binding at a genomic locus within the first intron of LRP4.  

P63 binding appeared to be significantly enriched at the first intron of the LRP4 gene, suggesting that 

p63 may directly regulate Lrp4 by binding to that region and promoting transcriptional activation of the 

gene (Fig. 6c).  Furthermore, alignment of the syntenic genomic loci for human and mouse using the 

Vista software demonstrates that this region seems to be almost 90% conserved between human and 

mouse, strengthening the idea that p63-mediated regulation of Lrp4 at this specific locus is the key 

mediator of development of epithelial tissues in both species (Fig. 6e) (Frazer et al., 2004).  Collectively, 

these data suggest p63 regulates, and likely activates, LRP4 expression in epithelium of mice and 

humans.   

Lrp4 is a robust marker for T/A and its expression is regulated by p63 in the hair cycle  

 

To determine whether p63 regulation of Lrp4 is necessary for the T/A transition, I returned to 

the in vivo material procured from WT and cKO mice.  Skin was harvested from WT and cKO mice at 

various time points as described previously (Fig. 3c).  The epidermis was then separated from the dermis 

(which was discarded) using a dispase digestion and RNA was harvested and reverse transcribed into 

cDNA.  We first determined the excision of p63 in WT and cKO epidermis by qRT-PCR.  p63 was 

effectively excised from mid telogen to the T/A transition (P54 to P75) (Fig. 6e).  However, p63 levels 

eventually recover in the cKO and hair follicles finally entered anagen by P93 (data not shown).  This 

indicates that the prolonged telogen phenotype is caused by a transient excision of p63, and the 

recovery of p63 is sufficient to initiate the induction of the T/A transition.  Interestingly, p63 levels 
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appear to double from P73 (late telogen) to P75 (T/A).  It will be interesting to determine the functional 

significance of this observation.   

We next determined the expression pattern of Lrp4 in WT and cKO skin samples by qRT-PCR.  

Based on literature that suggests LRP4 is an inhibitor of Wnt signaling, I hypothesized that Lrp4 

expression would be higher in late telogen relative to mid telogen, thereby suppressing Wnt signaling in 

the Bu and HG as Wnt ligands such as Wnt10b are being secreted by the DP, HG or Bu cells; and lower in 

the T/A transition relative to late telogen, thus relieving the inhibition of Wnt signaling and allowing for 

the β-catenin stabilization necessary for the T/A transition (Li et al., 2013).  Indeed, this was what we 

observed, as Lrp4 expression in the WT increased approximately five-fold from mid to late telogen (P54-

P73), then decreased in expression by more than half in the T/A transition (Fig. 6f).  I next tested the 

expression of Lrp4 in the cKO from mid to late telogen.  Lrp4 expression also increases from mid to late 

telogen in the cKO, but only by about half as much as in the WT (Fig. 6f).  Although I am unable to 

determine whether this difference is statistically significant due to the low number of mice used in this 

analysis, these data suggest that p63 may activate Lrp4 expression in late telogen.  Interestingly, Lrp4 

remains elevated in the cKO skin at P75 (Fig. 6f).  I concluded that the sustained, elevated Lrp4 

expression in the T/A transition explains the T/A transition defect observed in the cKO mouse.  In fact, 

Lrp4 expression does not decrease in the cKO skin until sometime between P86 and P93, prior to the 

observation of anagen hair follicles in the cKO at P93 (data not shown). These data suggest that 

epithelial Lrp4 expression is a robust marker of the T/A transition and that Lrp4 functions to inhibit 

Wnt signaling-induced proliferation in the HG (Figs. 6f, 4d).  Furthermore, the data suggests that p63 

regulates the expression of Lrp4 in the T/A transition, as loss of p63 at this specific stage results in 

elevated expression of Lrp4.    
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Figure 6.  Lrp4 is regulated by p63 and serves as a robust marker for the T/A transition.  (a) Analysis of 

genes that are dynamic in telogen, bound by p63 and deregulated in the p63 cKO microarray yields two 

Wnt signaling genes: Lrp4 and Wnt10a.  (b) qRT-PCR analysis of LRP4 following p63 downregulation in 

HaCaT.  (c) p63 directly regulates LRP4, and (d) the region of binding is approximately 90% conserved 

between human and mouse.  (e) p63 is excised from early telogen to the T/A transition, (f) resulting in 

the deregulation of Lrp4 expression in epithelium of cKO mice in late telogen and the T/A transition. For 

Fig. 6b error bars are +SEM from three independent experiments.  *** indicates p<.0001, unpaired t-test.  

For Fig. 6c error bars are the +SEM of duplicate experiments.  * indicates p<.05, unpaired t-test. For Fig. 

6e,f error bars are the ±standard deviation from one experiment, with qRT-PCRs performed in duplicate.   

 

P63 interacts with the transcription factor Runx1, a likely regulator of epithelial stem cell regeneration 

 

Multiple transcription factors are often required for the reprogramming necessary for organ 

regeneration and tissue homeostasis.  RUNX1 was among a number of peptides identified via mass 

spectrometry following tandem affinity purification of over-expressed ∆Np63 in JHU-029 cells (a human 

squamous cell carcinoma cell line) (unpublished data, Drs. Matt Ramsey and Nicole Forster) (Supp. Fig. 

1a).  Endogenous coimmunoprecipitation of RUNX1 and p63 also shows that RUNX1 and p63 interact in 

JHU-029 cells (unpublished data, Nicole Forster) (Supp. Fig. 1b).  Given that both genes are transcription 

factors, I hypothesized that p63 and Runx1 may jointly regulate the transcription of genes necessary for 

hair follicle regeneration.   

Remarkably, the conditional Runx1 knockout mouse (Runx1flox/flox;K14-Cre, hereafter referred to 

as Runx1 cKO) also exhibits a prolonged telogen phenotype, with minor defects in hair follicle 

morphogenesis, hinting at the key function of Runx1 in postnatal hair follicle regeneration (Hoi et al., 

2010).  Runx1 expression is restricted to the HG and lower bulge while p63 expression is observed 

throughout outer root sheath (ORS) of the hair follicle (Osorio et al., 2008; Romano et al., 2010).  Based 

on Runx1 expression in the stem cells and progeny that fuel hair follicle regeneration, I hypothesize that 

Runx1 may play a stem cell-specific role in coordinating hair follicle regeneration with p63.  Interestingly, 

Runx1 and p63 also seem to function similarly in epithelial tissues, as both transcription factors have 

been shown to regulate olfactory stem cell self-renewal and differentiation, and unpublished work from 
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our laboratory and others suggests the Runx1 cKO and the p63 cKO may share similar phenotypes in 

mammary development (Fletcher et al., 2011; Theriault et al., 2005).  Interestingly, deregulated Wnt 

signaling, as well as delayed hair follicle placode formation, was observed in Runx1 cKO mice during hair 

morphogenesis (Hoi et al., 2010; Osorio et al., 2008).  I hypothesized that Runx1 regulates Wnt signaling 

in postnatal epithelium, and next determined whether RUNX1 regulates LRP4 in HaCaT cells.   

Runx1 directly regulates LRP4 in HaCaT 

Using the same approach as for p63 knockdown (i.e. a lentivirally-expressed RUNX1 hairpin 

targeted to the RUNX1 mRNA), I achieved significant downregulation of RUNX1 mRNA levels in HaCaT 

(Fig. 7a).  Interestingly, I found that LRP4 expression was significantly decreased following RUNX1 

knockdown (Fig. 7b).  These data suggest that RUNX1, like p63, may be a positive regulator of LRP4 

expression.  Since, Masse and colleagues showed RUNX1 expression in human interfollicular epidermis 

(where p63 is also expressed), as well as p63-mediated regulation of RUNX1 at the transcriptional level, I 

tested HaCaT cells to determine whether p63 knockdown had an effect on RUNX1 (Masse et al., 2012).  

p63 does not seem to regulate RUNX1 in HaCaT, as protein levels were unchanged following p63 

downregulation (Fig. 7c).  Yet, interestingly, the extant RUNX1 is not sufficient to rescue LRP4 expression.  

These results suggest that both p63 and RUNX1 must be present in order to activate LRP4 expression.   

To determine whether RUNX1 binds directly to regulatory elements within LRP4, I conducted 

ChIP experiments using RUNX1 antibodies in HaCaT.  Given the physical association of p63 and RUNX1 

(Supplementary Fig. 1) I hypothesized that RUNX1 might be associated together with p63 at the same 

genomic site.  Therefore, I used the same primers I had used to show p63 binding to the first intron of 

LRP4.  Indeed, Runx1 was also enriched at this site (Fig. 7d).  These results suggest that RUNX1 and p63 

are likely in the same transcriptional complex at the loci of LRP4.  I next hypothesized that p63 might be 

required to recruit RUNX1 to this site.  To determine whether p63 recruits Runx1 to LRP4, I performed 

ChIP analyses using p63 and RUNX1 antibodies following downregulation of endogenous p63.  p63 
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knockdown resulted in a decrease of RUNX1 binding to LRP4, essentially to background levels (Fig. 7e).  

These data suggest that p63 recruits RUNX1 to direct the activation of LRP4 expression in HaCaT.  

 

Figure 7.  p63 recruits RUNX1 to direct the activation of LRP4 expression in HaCaT. (a) qRT-PCR analysis 

of shRNA-mediated RUNX1 downregulation (b) and qRT-PCR analysis of LRP4 expression following 

RUNX1 downregulation.  (c) Western blot for p63 and RUNX1 protein in HaCaT. β-tubulin serves as a 

loading control (d) RUNX1 binds directly to LRP4.  (e) RUNX1 binding to LRP4 following downregulation 

of p63 in HaCaT.  For Fig.7 a,b error bars are +SEM of three independent experiments. ***p<.0001, 

unpaired t-test.  For Fig. 7d error bars are +SEM of duplicate experiments.  ** indicates p<.001, unpaired 

t-test.  For Fig. 7e error bars are the standard deviation between the differences in Ct between the input 

average Ct and each of three replicate Ct’s representing the amount LRP4 fragment pulled down by rIgG, 

p63 or Runx1.     
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Discussion 

Since the germline p63 knockout mouse dies shortly after birth, precluding efforts to study the 

function of p63 in postnatal epidermal homeostasis, p63 conditional knockout mice were generated that 

exhibited epithelial p63 excision (Fig. 3a,b).  While hair coat regrew their hair coats normally following 

shaving in early telogen, p63 cKO mice exhibited a hair regrowth defect (Fig. 3c,d).  In order to better 

characterize this phenotype, I analyzed of H&E-stained skin tissues procured from WT and cKO mice at 

various time points post p63 excision with tamoxifen treatment.  I found that cKO mice seemed to 

exhibit a prolonged telogen (Fig. 4a,b).  Ki67 staining of these same tissues revealed a defect in the T/A 

transition, as WT mice follicles proceeded normally to anagen, but cKO mice hair follicles remained 

largely in telogen (Fig. 4d,e).  Understanding how p63 contributes to this defect in the T/A transition 

should give insights into which genes are required for the T/A transition in the hair cycle.   

Microarray-based gene expression profiling analysis of epidermal cells isolated from WT and 

cKO mice in late telogen and rigorous bioinformatics analyses led me to hypothesize that regulation of 

Wnt signaling by p63 is critical for the T/A transition (Fig. 5b,d,f-h).  Cross-comparison of genes 

dynamically expressed in telogen and genes regulated by p63 led to the identification of Lrp4 as a 

possible p63 target gene (Fig. 6a).  Indeed, LRP4 was downregulated following p63 knockdown in HaCaT, 

and ChIP for p63 on LRP4 revealed that p63 is a direct transcriptional activator of LRP4 (Fig. 6b,c).  

Knowing that Wnt signaling is critical for the T/A transition, we assessed the expression of Lrp4 in WT 

and cKO skin tissues during mid telogen, late telogen, and the T/A transition.  In WT mice, Lrp4 increases 

from mid-to-late telogen and then decreases in T/A, consistent with the hypothesis that downregulation 

of Lrp4 is critical for the T/A transition (Fig. 6f).  In our p63 cKO mice, however, Lrp4 levels are lower in 

late telogen compared to the WT (likely due to the loss of p63/Runx1-dependent transcription) but 

remain high during the T/A transition (Fig. 6f).  Collectively, these effects likely block the cKO hair follicle 

from responding to Wnt ligands necessary for the T/A transition, although future studies to assess the 
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activation of Wnt signaling (e.g. by qRT-PCR of certain Wnt/β-catenin target genes) will be necessary to 

strengthen this assumption.  I conclude that Lrp4 is a robust marker of the T/A transition, and that p63 

promotes the T/A transition through regulation of Lrp4.   

A significant limitation of this study is that we were only able to analyze the gene expression of 

p63 and Lrp4 in one WT and cKO mouse at P54, P73, and P75.  Therefore, I am not currently able to 

determine whether the increase in Lrp4 from mid to late telogen is statistically significant, nor am I able 

to determine whether the decrease in Lrp4 in the WT skin or sustained expression of Lrp4 in the cKO 

skin during the T/A transition is statistically significant.  While the results of the Ki67 IHC experiments 

are consistent with the apparent differences in Lrp4 expression between P73 and P75 of WT and cKO 

skin, analysis of more mice will be necessary before making any definitive conclusions.   

I propose a model by which p63 may regulate the T/A transition in a sequential fashion, initially 

recruiting Runx1 to activate the expression of Lrp4 from mid to late telogen and then indirectly 

regulating the downregulation of Lrp4 during the T/A transition (Fig. 8b).  While p63 levels do not seem 

to change from mid to late telogen in the WT, it will be interesting to test whether increasing Runx1 

levels during the same time period can explain the increase in Lrp4 expression.  Future studies will also 

explore the mechanism by Lrp4 is downregulated during the T/A transition.  Additionally, future studies 

will investigate whether p63 and Runx1 regulation of Lrp4 is a key factor necessary for epithelial 

development.  In particular, it will also be interesting to determine whether the similar delays in hair 

follicle morphogenesis observed in mutant Lrp4 mice and Runx1 cKO mice are caused by p63-mediated 

regulation of focal adhesion (Fig. 5d).   

Given the physical interaction of p63 and RUNX11 and the remarkably similar phenotype 

exhibited by epithelial Runx1 cKO mice, I tested whether RUNX1 regulates LRP4 in HaCaT cells.  I found 

that Runx1 is also a direct transcriptional activator of LRP4 expression, and that LRP4 activation is 

dependent on the presence of both p63 and RUNX1 (Fig. 7a-d).  In addition, I have provided evidence 
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that p63 recruits RUNX1 to LRP4 and propose a model in which p63 recruits RUNX1 to a specific DNA 

regulatory sequence in intron 1 of LRP4 to direct the activation of LRP4 expression (Fig. 7e, 8a).  An 

important technical consideration for this finding is that I only conducted the knockdown-ChIP 

experiment in Fig. 7e once.  The qRT-PCR for beta-actin (data not shown) indicated that a roughly equal 

amount of chromatin was used for each IP and the low percent input for the rIgG control IP supports the 

specificity of p63 and RUNX1 binding to intron 1 of LRP4.  While I argue that this experiment gave 

reliable results, it will be necessary to replicate this experiment before making any definitive conclusions.  

As a future study to show that RUNX1 binding to LRP4 is dependent on p63 binding to the DNA 

regulatory sequence in intron 1 of LRP4, I will over-express a dominant-negative p63 DNA binding 

mutant in HaCaT, then down-regulate endogenous p63 as described previously, and conduct ChIP for 

Runx1 at LRP4.  Understanding the transcriptional regulation of Lrp4 by p63 and Runx1 should elucidate 

how Wnt signaling is temporally and spatially tuned by adult stem cells to mediate the proper 

regeneration of hair follicles and other epithelial tissues.  Future study of the control of epithelial 

homeostasis by p63 may uncover strategies that augur in an era of regenerative medicine.    
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Figure 8.  Transcriptional control of hair follicle regeneration by p63.  (a) Proposed model by which p63 

recruits RUNX1 to direct the activation of LRP4.  (b) Proposed model by which p63-mediated 

transcription sequentially directly activates Lrp4 expression from early to late telogen, and then 

indirectly regulates the downregulation of Lrp4 in the T/A transition. 

 

Supplementary Figure 1.  Runx1 interacts with p63.  (a) Runx1 was among a number of peptides 

identified via mass spectrometry following tandem affinity purification of over-expressed ∆Np63α in a 

squamous cell carcinoma cell line (unpublished data). (b) Endogenous coimmunoprecipitation of RUNX1 

and ∆Np63α in the same cell line.  Data generated by Drs. Matthew Ramsey and Nicole Forster.   
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Experimental Procedures 
 
Mice 

p63flox mice (Keyes et al., 2005), which harbors loxP recognition sites for the Cre recombinase flanking 

the genomic region encoding the DNA binding domain of p63 were crossed with K14CreERTam 

(Vasioukhin et al., 1999). Through two rounds of breeding K14CreERTAM, p63flox/flox mice were 

generated, hereinafter called “transgenic p63flox”. Mice injected via intraperitoneal injection with 

75mg/kg of Tamoxifen (Sigma) for 5 consecutive days and 21 days post final Tamoxifen treatment mice 

were sacrificed and p63 excision was determined by qRT-PCR.  (Dr. Catherine Wilson) 

H&E staining 

Skin was collected at various time points post shave, paraformaldehyde fixed, paraffin embedded, 

sectioned, and stained for hematoxylin and eosin at the Specialized Histopathology core at 

Massachusetts General Hospital (Dr. Catherine Wilson).  Images were taken at 20x magnification, bright 

field by a Nikon Eclipse 80i.  Only hair follicles in which the entire anatomy was visible in the section 

were counted.  Hair follicles in which the DP was clearly not surrounded by HG cells were designated as 

telogen follicles, else they were considered anagen follicles.     

Ki67 staining 

Skin was collected at various time points post shave, paraformaldehyde fixed and paraffin embedded 

(Dr. Catherine Wilson).  Tissue blocks were sectioned and stained for Ki67 at the Specialized 

Histopathology Services at the Brigham and Women’s Hospital. Images were taken at 20x magnification, 

bright field by a NiKon Eclipse 80i.  Only hair follicles in which the entire anatomy was visible in the 

section were counted.  Hair follicles exhibiting Ki67+ staining in the cells surrounding part of the DP and 

little or no Ki67+ staining in the bulge were counted as being in the T/A transition phase (Blanpain et al., 
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2004; Tumbar et al., 2004).  Hair follicles in which the DP was entirely surrounded by Ki67+ cells (the 

matrix structure) and in which most bulge cells were Ki67+ were considered anagen follicles.     

Microarray 

RNA was extracted from sorted epidermal tissue using Qiagen RNeasy Fibrous Tissue Mini Kit according 

to manufacturer’s instructions.  cDNA was synthesized, and RNA hybridized to Illumina MouseWG-6 v2 

BeadChip arrays (Dr. Catherine Wilson). Signal intensity from the two WT and three cKO samples were 

averaged and a difference of 150 points was used to define p63-regulated genes (3289 genes).   

HaCaT cell line 

HaCaT were maintained at 37°C in 5% CO2 in DMEM supplemented with 10% fetal bovine serum, and 

penicillin-streptomycin-glutamine.  HaCaT were passaged at subconfluency.   

Lentiviral-production and infection of HaCaT cells for downregulation of p63 and Runx1 

The packaging plasmids RSV, RGR and VSVG were produced by maxiprep using the Qiagen kit.  Lentivirus 

was produced using the Clontech CalPhos Mammalian Transfection Kit in the following manner: 155 uL 

of CaCl2, 10 ug each of RSV, RGR, and VSVG, and a suitable volume of DEPC water needed to reach 1.25 

mL.  10 ug plasmid containing a non-specific shRNA  species or shRNA targeting p63 or RUNX1 was 

added, followed by the dropwise addition of 1.25 mL Hepes Buffer Saline.  30 minutes later, the 

liposome-coated lentiviral vectors were transfected into human embryonic kidney 293T cells cultured in 

6 mL of DMEM.  Concurrently, HaCaT were plated at 50,000 cells per 60 mm well in a 6-well plate and 

allowed to attach for 24 hours prior to the first spin infection.  2 mL of media containing mature virus 

and 10 μL polybrene (10 mg/mL) was used to infect HaCaT in each well of 4 sets of 6-well plates, 

followed by a 45 minute spin at 2200 RPM at room temperature.  HaCaT were incubated with virus-

containing media for 8-12 hours before that media was aspirated and fresh media added to the cells. 
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HaCaT were infected a total of two times, and 48-64 hours following the first infection, cells were 

harvested for RNA, protein and/or ChIP.     

Quantitative real-time polymerase chain reaction (qRT-PCR) 

Following the lifting of HaCaT cells from 2 60mm wells, RNA was harvested using RNAStat60TM.  2 ug of 

RNA was used to synthesize cDNA by priming with random hexamers and reverse transcribing with 

MMLV reverse transcriptase. qRT-PCR analysis was performed on the Stratagene real-time PCR Detector 

system with product amplification determined by iQ SYBR Green Supermix reagent (Bio-Rad).  Standard 

cycling procedures were employed with an annealing temperature of 62°C for all primer pairs tested in 

HaCaT cDNA or genomic DNA. Gene expression was normalized relative to the beta-2-microglobulin 

(B2M) control gene and qRT-PCRs performed in at least 3 independent experiments.  All primers were 

designed using the Universal Probe Library Assay Design Center (Roche Applied Science) and are intron-

spanning, with amplicon size roughly 60-100 base pairs.  Primers sequences are as follows:   

LRP4 (human) forward: TGGACTGGATGGCAGTAAGA   reverse: ATAGAGGGTCAGCCCAAATG 

TGFBR2: forward:  CACCGCACGTTCAGAAGTC    reverse:   TGGATGGGCAGTCCTATTACA 

TMEFF1: forward: ATGAAGATGCAGAAAATGTTGG   reverse: CAGAAGCACACACAGGATTAAAA 

FGFR2: forward: CACGACCAAGAAGCCAGACT  reverse: CTGGACTCAGCCGAAACCT 

P63:  forward: GGAAAACAATGCCCCAGACTC  reverse: GTGGAATACGTCCAGGTGGC 

RUNX1 (RUNX1b): forward:  GCGGCATGACAACCCTCTC   reverse:  GGTCGGAGATGGAGGGCAG 

B2M: forward:  AGCTGTGCTCGCGCTACTCTC  reverse:  CACACGGCAGGCATACTCATC 

Western blot 

HaCaT cells were harvested and lysed in RIPA buffer containing protease and phosphatase inhibitors.  

Lysate was sonicated for five minutes at medium speed and centrifuged for ten minutes at 13000 RPM.  

5 μL of the protein-containing supernatant was added to 1 μL Reagent S and 5 Reagent A and incubated 
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for 5 minutes, followed by incubation with 500 uL Reagent B for 15 minutes (BioRad).  Protein 

concentration was analyzed by a spectrophotometer and 15 μg of protein was used per sample for 

western blot, with samples run on a 7.5% Tris-Glycine gel.  Antibodies used against the indicated 

proteins are as follows: p63 (4A4; Sigma-Aldrich; dilution 1:1000), Runx1 (Abcam; dilution 1:1000), and 

β-tubulin (Santa Cruz Biotechnology Inc.; dilution 1:10,000).  Protein was transferred from Tris-Glycine 

gel to nitrocellulose membrane and the membrane was blocked for 1 hr with 5% milk in PBST (PBSTm), 

followed by incubation with primary antibody overnight.  The next day, the membrane was washed 3x 

with 10 mL PBST, incubated for 45 minutes to 1 hour with 3 μL of secondary antibody (goat anti-mouse 

IgG-HRP) in 8 mL PBSTm for p63 and β-TUBULIN or 4 μL of secondary antibody (for RUNX1).  Membranes 

were washed 4 times with PBST and proteins detected using equal parts ECL oxidizing and reducing 

agent in an HRP-catalyzed chemiluminescence reaction. 

Chromatin Immunoprecipitation 

HaCaT cells were cultured to 70% confluency.  Formaldehyde (270 μL / 10mL DMEM) was added to sub-

confluent HaCaT cells with or without knockdown of p63 to crosslink DNA-binding proteins to DNA (10 

minute incubation at room temperature).  Crosslinking was stopped with glycine (550 μL /10 mL DMEM) 

(10 minute incubation at room temperature). Cells were then washed 2x with ice-cold phosphate buffer 

saline (PBS), scraped, and collected in a new tube.  HaCaT were lysed in RIPA buffer containing 

phosphatase inhibitor (2% per volume) overnight.  Chromatin/DNA was sheared by sonication 

(Bioruptor®) five times, 7.5 minutes on the high setting, in a volume of 300 μL.  Cell decries was pelleted 

by centrifugation at 13000 RPM, 4°C, for 15 minutes.  Supernatant containing chromatin was transferred 

to a new tube and precleared with 80μL of saturated protein A/G sepharose beads (Amersham 

Biosciences) in a slurry with RIPA buffer.  Following preclearing, 10μL of supernatant was removed per 

sample (INPUT) and stored in -20°C until the next day.  2.0 μg/sample of p63 (H129, rabbit polyclonal, 

Santa Cruz Biology), Runx1 (ab 23980, Abcam), or rIgG (FL-335, rabbit polyclonal, Santa Cruz Biology) 
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were added to each IP, diluted to a final volume of 500 uL with RIPA buffer, and incubated overnight.   

60 μL of protein A/G slurry were added again to IP pellets and incubated for 3 hours at 4°C under 

rotation.  Sepharose beads were washed five times with washing buffer containing an increasing 

concentration of NaCl and one time with TE pH 8.  Reversal of cross-linking was achieved by incubation 

with TE pH 8 (200 μL), SDS (10% v/v, 10 μL) proteinase K (10 μg) and RNAse A (10 μg) for 2 hours at 55 

degrees, followed by 65 degrees overnight.  Immunoprecipitated DNA as well as the inputs were  

purified using the Qiaquick PCR Purification Kit (Qiagen) according to its instructions and eluted with 90 

μL of elution buffer (3 μL of eluates were used to perform qRT-PCR). The same qRT-PCR protocol 

described above was used to quantify DNA levels of specific loci.   ChIP primers are as follows:   

LRP4 forward: CTTTTCCTTGCAACCCGAAG   reverse: TGTAGCCTCTTTGGCGTGTT 

 

ACTB forward: CAGGACTGGTGAAGTGCTCA  reverse: CCAGGAATTCCGACTTTCA 

 

In vivo time-course gene expression analysis 

Homozygous p63flox mice with or without expression of the K14-Cre/ER transgene (K14creER) were 

treated with tamoxifen for 5 days, then shaved 5 days later. Epidermis was isolated at various time 

points post shave using dispase P8811 (Sigma) overnight at 4oC. Single cell suspension was obtained 

using 0.35% collagenase type II for 20’ at 37oC. RNA was harvested from epidermal cells and reverse 

transcribed into cDNA for qRT-PCR analysis of p63 and Lrp4 following the same qRT-PCR protocol 

described above (this time, with an annealing temperature of 60°C).  All values obtained were 

normalized with respect to mRNA expression levels of a reference gene, 40S ribosomal protein S16 (s16).     

Lrp4  forward: CGATGAGGATGGCTGTACG   reverse: CCGTTGTCACAGTGAAGTC 

p63   forward: CTGTACTGCCAGATTGCGA  reverse: CTCATTGAACTCACGGCTCA 

 

Statistical Analysis 

All P-values were determined using the unpaired t test.     
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